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HYDROLOGIC ANALYSIS OF THE HIGH PLAINS AQUIFER SYSTEM
IN BOX BUTTE COUNTY, NEBRASKA

By Robert A. Pettijohn and Hsiu-Hsiung Chen

ABSTRACT

Irrigation development in Box Butte County, an area of 1,067 square
miles on a plain in northwestern Nebraska began about 40 years ago.
Since then, pumpage of ground water has caused a steady decline of water
levels in the High Plains aquifer system underlying the east-central
part of the County. Comparison of maps of the potentiometric surfaces
of the aquifer system in 1938 and 1980 indicates that water levels
declined by more than 10 feet in an area of 336 square miles and by more
than 30 feet in an area of 17 square miles.

Quantitative studies of field data for the aquifer system indicate
that hydraulic conductivity ranges from 6 to 60 feet per day and exceeds
25 feet per day in 21 percent of the County; specific yield ranges from
12 to 21 percent and averages about 15 percent; saturated thickness
varied in 1938 from 190 to 510 feet and averaged about 342 feet. Recharge
to the aquifer system, which comes mainly from precipitation averaging
17.1 inches annually, varied from 0.06 to 4.33 inches annually and
averaged about 1.6 inches. The estimated volume of water stored in the
aquifer system in 1980 is 80.3 million acre-feet; of water recoverable
in 1980, 34.4 million acre-feet; and of water pumped in 1980, 104,000
acre-feet.

Results of digital flow model simulation indicate that by 1992 the
area of water-level decline of 10 feet or more will increase from 336
square miles (1981) to 630 square miles (1992), and that the area of
decline of 30 feet or more will increase from 17 square miles (1981) to
240 square miles (1992) if pumpage continues to increase at the maximum
annual rate recorded from 1938 through 1981. However, if pumpage is
held to the 1981 rate, the area of decline of 10 feet or more will
increase from 336 square miles (1981) to 530 square miles (1992). The
maximum projected declines in water levels for the period 1981 to 1992
are 29 feet if pumpage is continually increased at the maximum annual
rate recorded and 13 feet if pumpage is not increased beyond 1981.



INTRODUCTION

The U.S. Geological Survey, in 1977, began a 5-year regional study
of the High Plains aquifer system, which underlies 177,000 square miles
in eight states (Gutentag and Weeks, 1980), including 64,770 square
miles in Nebraska. Within the regional study were more intensive studies
of ground water in local areas, such as Box Butte County, where pumping
is gradually depleting the amount of water stored in the aquifer system.

Box Butte County is principally a farming and ranching area.
Approximately 51 percent (345,000 acres) of its area is in cropland, 43
percent (296,700 acres) in pasture and rangeland, and 6 percent (41,200
acres) in woodlands, residential lands, and other lands (Nebraska Crop
and Livestock Reporting Service, 1981). About 28 percent of the cropland
is irrigated with ground water from the High Plains aquifer system.

The High Plains aquifer system is defined as all sedimentary rocks
from the water table down to the top of the Brule Formation of the White
River Group. Thus the aquifer system is comprised of alluvium of Quaternary
age and the Ogallala Formation, the Sheep Creek Formation, the Marsland
Formation, the Harrison Sandstone, the Monroe Creek Sandstone, and the
Gering Sandstone, all of Tertiary age. The Brule Formation, a relatively
impermeable siltstone of several hundred feet in thickness and underlying
the entire county, has not been reported as a source of water for Box
Butte County, even though fractures in the Brule provide water in sufficient
quantities for domestic and stock uses in areas southwest of Box Butte
County (Wenzel and others, 1946, Smith and Souders, 1971, Smith and
Souders, 1975).

The development of ground water for irrigation from the aquifer
system began in about 1936 (Cady and Scherer, 1946), and by 1940 there
were 16 registered irrigation wells in the county. Irrigation was
prompted by the need to decrease the risks associated with dryland
agriculture and by the ready availability of ground water. It was
accelerated by the recent advent of the center-pivot irrigation distri-
bution system. Drilling of irrigation wells continued steadily, and by
January 1, 1980, there were 723 registered wells in the county.

Because of increasingly large withdrawals of ground water for
irrigation, by 1980 the water levels in the aquifer system declined as
much as 50 feet from predevelopment levels and continue to decline over
much of the county. Because the economy of the county is largely dependent
on the continued production of food through irrigation farming, the
continued availability of ground water is of immediate concern to State
and local water-planning agencies.



Purposes and Scope

The purposes of this study are: (1) to describe the High Plains
aquifer system in Box Butte County; (2) to describe the changes in water
levels that have taken place in the system; and (3) to project, by model
simulation, changes in water levels that will occur under several assumed
management schemes for future irrigation development.

This study is concerned principally with changes in water levels in
the county and the climatic, geologic, and hydrologic framework within
which these changes occur. A history of water-level changes since 1938
has been developed through detailed analysis of more than four decades
of water-level measurements. Existing information has been interpreted
to provide quantitative values for the hydrologic parameters that influence
water levels, such as permeability of soils overlying the aquifer system
and hydraulic conductivity and specific yield of the aquifer system
itself. New data obtained for this study are limited mostly to pumpage.
Projections of water-level changes are made using a digital model that
simulates responses to stresses on the aquifer system.

Location and Physical Setting

Box Butte County is in northwestern Nebraska (fig. 1) and has an
area of 1,067 square miles. It is situated on a plain called the 'Box
Butte Table', the surface of which is rolling to rough, due to dissection
by small ephemeral streams. The tableland slopes easterly from an
altitude of 4,600 feet on the Sioux - Box Butte County line west of
Hemingford to 3,800 feet at the northeast corner of the county. The
topography varies from steeply sloped escarpment in the northwest and
sand dunes in the southeast to broad valleys in the lower reaches of the
streams and depressions in the south-central area.

The two major streams in the county are the Niobrara River and
Snake Creek. Snake Creek, which originates in Sioux County to the west,
flows as a perennial stream to Kilpatrick Lake and then as an ephemeral
stream to near an area of sand dunes southeast of Alliance, where it
disappears. It and several other ephemeral streams drain approximately
the southern three-fourths of the county. The Niobrara River, which is
a perennial stream that crosses the northwest corner of the county, and
its tributaries drains approximately the northern one-fourth of the
county.
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Methods of Investigation

Data compiled and analyzed in this investigation were collected
during the past 40 years by personnel from Federal, State, and local
agencies. The data include periodic measurements of water levels, test-
hole logs, weather information, geologic descriptions, physical and
hydrologic properties of aquifer material, crop acreage, number of
irrigation wells constructed annually, average annual water use by crops
and water-quality analyses.

A large percentage of the data compiled and analyzed came from
previous reports and from files of Federal, State, and local agencies.
The remaining data were collected in the field during the first 3 years
of the 5-year regional study.

A digital, soil-moisture budget model, which incorporates hydro-
meteorological, soil, vegetation, and topographic data was used to
estimate the long-term average net recharge to the aquifer from precipi-
tation. The mathematical equation describing the computation of storage
in the model is written:

) 1 .
S, =8, | +57 (I-ED @)

i 1

where

Si is dimensionless storage at time period i;

Si-l is dimensionless storage at time period i-1;

AZ  is thickness of the zone affected by evapotranspiration, L;
I is infiltration, L; and
ET is evapotranspiration, L.

Storage in the soil profile under both dryland and irrigated condi-
tions was computed monthly using the above equation and a Fortran IV
computer model (Lappala, 1978, p. 94). The initial moisture stored in
root zone (Si_l) was assumed at 50 percent of the moisture-holding

capacity for irrigated land and 25 percent for nonirrigated land (Lappala,
1978, p. 98). When storage (Si) computed by the above equation exceeds
field capacity of the soil, deep percolation equal to the excess is
simulated. It is assumed that long-term deep percolation through the
unsaturated zone is equal to the long-term recharge to the saturated

zone.



Infiltration (I} for the above equation was obtained from four
rainfall-runoff curves that were developed by the Agricultural Research
Service at Rosemont, Nebr. (Lappala, 1978, p. 95), from soil, vegetation,
and topographic data.

Evapotranspiration (ET), the largest component of discharge from
the soil zone, was estimated for a native grass and various crops by
multiplying the monthly crop coefficient by potential ET. Potential ET
was computed using the Jensen-Haise empirical formula (Jensen and Haise,
1963; Jensen, 1974). Crop coefficients were obtained from Stegman and
others (1977), from Papton and others (1981), and through written
communications (Blaine Blad, Department of Agricultural Engineering,
University of Nebraska, and W. K. Lauenroth, Natural Resource Ecology
Laboratory, Colorado State University).

A digital ground-water flow model was developed to simulate the
aquifer system's response prior to major ground-water development for
irrigation (steady-state simulation). The model was then tested and
modified by simulating the aquifer system's response to ground-water
development (transient simulation). Six pumping periods were simulated
to match the historical data for 1950, 1960, 1965, 1970, 1975, and 1980.
Following these simulations, the model was used to predict the response
of water levels in the aquifer system to various management alternatives.

Previous Ground-Water Investigations

A report by Cady and Scherer (1946) contains a detailed description
and discussion of the geography, landforms, geology, and ground-water
hydrology of the county. A supplement to that report by Nace (1953)
discusses the special problems observed in the construction, development,
and use of irrigation wells and the subsequent effects on the water
table and ground-water storage. A report by Bradley (1956) presents a
general review of the ground-water resources of the upper Niobrara River
basin. A Masters thesis by Waddington (1971) presents the results from
a study in which an electric-analog model was used to predict the effects
of pumping on the aquifer system.

A report by Souders and others (1980), which is more inclusive than
the others listed, discusses the relationship between the geology and
ground-water availability, evaluates the aquifer's water-bearing character-
istics and storage, and describes movement of ground water in the county.
Information and data from previous reports were evaluated and then
incorporated with new data and information collected during their investi-
gation. The new data, obtained through extensive examination of drill



cuttings, logs, and field data, were used to designate rock strata into
various hydrologic units. The hydrologic units were then evaluated in
terms of their water-yielding capabilities.
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SOILS

The soils across the county range from silty clay loams on the
uplands to sandy soils on some of the bottomlands and the sandhills.
More than 60 percent of the county, principally the central part, is
covered by silty to silty clay loam soils that have permeabilities of
about 1.35 inches per hour (Dugan, in press) (fig. 2). The water-
holding capacity of these soils is about 20 percent. Most of the silty
soils are intensively cultivated. The remainder of the county is covered
by loamy to sandy soils that have permeabilities ranging from 3.3 to
12.6 inches per hour (Dugan, in press). The water-holding capacity of
these soils ranges from 8 to 16 percent. Most of the sandy soils of the
county are still in native grasses.

GEOLOGY

Eolian deposits of Quaternary age cover the uplands, the terraces,
and the dune areas of the county. However, of deposits of Quaternary
age, it is only the alluvial deposits along the Niobrara River and Snake
Creek that yield sufficient water for stock and domestic use. These
alluvial deposits are composed of fine-grained sand intermixed with
smaller amounts of coarse-grained material.

Deposits of Tertiary age that underlie Box Butte County are the
principal water-bearing formations of the High Plains aquifer system in
this area (fig. 3). These deposits are calcareous sands and silts, and
belong to the Gering Sandstone, the Monroe Creek Sandstone, the Harrison
Sandstone, the Marsland Formation, the Sheep Creek Formation, and the
Ogallala Formation (Cady and Scherer, 1946). The base of the Tertiary
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Average permeability Average Average Depth t?
Number Soil association 60-1inch Least available max imum se::g:a
soil permeable water soil
on map represented profile horizon capacity slope :aﬁ:
(inch per (inch per (inch per (percent) (:eet)
hour) hour) inch)
1 Alliance-Rosebud-Keith 1.36 1.21 0.21 9 > 15
2 Norrest-Canyon-Creighton 1.35 1.29 .19 20 > 15
3 Janise-Lisco 3.72 1.75 .16 2 5
4 Sarben-Busher-Valent 3,62 3.62 .17 21 > 15
5 Las Animas-Lisco 8.85 3.01 .13 2 S
6 Valent-Dailey 7.28 3.52 .14 12 > 15
7 Busher-Valent-Tassel 6.68 4.78 .14 12 > 15
8 Valentine-Elsmere 12,65 12.21 .08 10 10
9 Valentine-Thurman 11.85 10,38 .09 26 > 15
10 Creighton-Oglala-Canyon 3.3 3.27 .16 7 > 15

Figure 2.--Distribution and hydrologic properties of soils overlying the
aquifer system.
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